peroxic vasoconstriction is mediated by inhibition of prostaglandin synthesis. Radical oxygen species may be involved as vitamin C, independently of aspirin, partially restored ACh-mediated vasodilatation during hyperoxia.
Introduction
Hyperoxia has cardiovascular effects in humans, causing a reduction in cardiac output and heart rate [1] [2] [3] [4] as well as an increase in peripheral resistance and vascular tone [5, 6] . As a result, perfusion is reduced in most tissues [7] [8] [9] . It is probable that hyperoxia acts firstly at the microvascular level by inducing peripheral vasoconstriction [5, 7] . The reduction in cardiac output is a secondary effect and works to keep the blood pressure constant.
The mechanisms underlying the effect of oxygen in the microvasculature still have to be elucidated. Several theories have been presented, including the action of red blood cells as an oxygen sensor [10] . Red blood cells release increased amounts of adenosine 5 -triphosphate during hypoxia, which result in a vasodilator response. Oxygen may also induce changes in the rheology of red blood cells, which in itself modulates tissue perfusion [11] . In previous findings in rat cremaster arterioles and human umbilical arteries, alterations in endotheliumderived dilator prostanoids have been found to contrib-ute to hyperoxic vasoconstriction [12] [13] [14] . Also, the vasoconstricting effect of hyperoxia has been attributed to oxygen free radicals reacting with and inactivating the vasodilator agent nitric oxide (NO) [2, 4, 15, 16] .
The primary aim of this study was to test the hypothesis that a brief period of substantial normobaric hyperoxia (100% oxygen breathing during 10 min) affects the vasoactive response in the microcirculation of the human forearm skin. The secondary aim was to investigate if any effect of normobaric hyperoxia is dependent on endothelial mechanisms and whether prostaglandins or oxygen free radicals are involved.
To answer these questions, we used a non-invasive technique. A laser Doppler perfusion imager (LDPI) [17] was used to measure perfusion in the skin of healthy subjects and iontophoresis [18] was used as a way of delivering drugs through intact skin. To be able to identify possible involvement of endothelium, acetylcholine (ACh, an endothelium-dependent vasodilator) and sodium nitroprusside (SNP, a direct NO donor) were used. Acetylsalicylic acid (aspirin) and vitamin C were used to test whether any effect of hyperoxia on microvascular responses in the forearm skin was dependent on prostaglandins or oxygen free radicals. Finally, sodium chloride was delivered to test for any non-specific effects of iontophoresis on forearm skin perfusion.
Subjects and Methods

Subjects
Twenty-two healthy volunteers took part in the study (15 men) . The study was divided into 5 protocols depending on the drugs that were used (ACh alone, ACh with aspirin, ACh with vitamin C, SNP and sodium chloride as a control solution). The volunteers could participate in more than one protocol. Subjects were interviewed and a physical examination was made. Apart from 3 of the women who were taking oral contraceptives, the volunteers were not taking any drugs. Subjects were not included if they had either neurological, cardiovascular, pulmonary, hepatic, renal, haematopoietic, gastrointestinal or metabolic dysfunction. The volunteers were asked to refrain from coffee, tea and nicotine products for 10 h before the experiments. They were all fully informed of the nature and purpose of the study. The study was approved by the local ethics committee. Demographic details of the subjects are presented in table 1 .
Laser Doppler Perfusion Imaging
An LDPI (PIM 1.0; Lisca Development AB, Linköping, Sweden) was used to measure perfusion in the skin. The laser beam, with a wavelength of 670 nm, penetrates the skin and a fraction of light is backscattered, containing a frequency-shifted part and a non-frequency-shifted part. The frequency-shifted part is the light backscattered by mobile red blood cells (the Doppler principle). The relative contribution of the two parts decides the perfusion value, which is defined as the number of blood cells multiplied by the mean cell velocity. At each measuring site this procedure is repeated (up to 4,096 measurements) to form a colour-coded image on a computer screen.
To keep a constant distance between the head of the LDPI and the skin, two adjustable laser beams were attached to the head of the scanner. We chose 15 cm as an optimal distance, as this gives a reliable signal [17] . Before starting, the distance between the head of the scanner and the skin was measured with a ruler. Then the two laser beams were set to cross each other at skin level. For each new measurement, the laser beam cross-hair was used to set the scanner head quickly at a constant distance.
Perfusion measurements were made with the LDPI in duplex mode, scanning the measuring site continuously. In duplex mode, the measurement value generated by the software (LDPIwin v2.3.13; Lisca Development AB) is the geometrical mean of the 4 ! 4 measurement points.
Iontophoresis
After the flexor side of one of the forearms had been gently cleaned with an ethanol wipe, a customized iontophoresis electrode chamber (Lisca Development AB,) was attached to the skin by double-sided adhesive Scotch tape. The area of measurement 443 was selected to avoid visible veins and pigmented naevi. The inner diameter of the ring-shaped chamber was 15 mm, and the distance between the silver-silver chloride electrode ring and the skin was 2 mm. The electrode chamber was filled with the drug solution (about 430 l) and covered by a thin glass slide. The head of the scanner was tilted somewhat to avoid direct reflection of the laser beam from the glass slide into the head. An indifferent electrode (Perimed AB, Stockholm, Sweden) was applied to the wrist. A battery-powered iontophoresis controller (PeriIont 382; Perimed AB) was connected to both electrodes to deliver a constant electrical current to the skin. The subjects were told to hold their arms still during the experiment. Skin temperature (digital thermometer; Claes Ohlson, Insjon, Sweden) was recorded before and after each measurement on the same forearm, about 5 cm proximal to the measuring site. When more than one measurement was performed in the same subject, different skin sites were used for each measurement.
Drugs
ACh chloride (Miochol -E 10 mg/ml; Novartis Healthcare, Copenhagen, Denmark), SNP (Nitropress 25 mg/ml; Abbott, Chicago, Ill., USA), acetylsalicylic acid (Aspirin 500 mg; Bayer AB, Solna, Sweden), vitamin C (C-vimin 1g; AstraZeneca, Södertälje, Sweden) and sodium chloride (9 mg/ml), were dispensed by the hospital pharmacy. ACh (1%) and SNP (1%) were dissolved in a sodium chloride solution such that a final ionic strength of 154 m M was obtained [19] . Drug concentrations were the same throughout the experiments. All drugs were prepared immediately before being used and SNP was kept in the dark.
Air and Oxygen
Medical air and 100% oxygen were given through a non-rebreathing system, with the subjects breathing through a facemask. The subjects did not know whether air or oxygen was being given.
The subjects started to breathe air from the facemask 10 min before the measurements started, to get used to the mask. Thereafter, air was administered during the period of iontophoresis, after which oxygen was given for the same amount of time. Oxygen was always given last to avoid washout effects of oxygen during the measurements made with air.
Experimental Protocol
The subjects rested lying down for 30 min in a temperaturecontrolled room at 23 ° C (0.6). A thin cotton blanket was placed over the trunk and lower extremities to prevent cooling. All measurements were made in a dark room, the only light coming from the screen connected to the LDPI. All measurements were made with the subjects lying down.
In previous studies we optimised our iontophoresis protocols to reduce the vasodilatating effect of the current alone and to maximise the response to the drugs, with most responses ending as plateaus [19, 20] . For all measurement protocols in this study, we used a single pulse at a constant current. The duration of the pulse was 10 min and the current strength was 0.02 mA.
The current study was divided into 5 protocols. In protocol 1 (n = 10), ACh was delivered to the skin by anodal iontophoresis. In protocol 2 (n = 9), SNP was delivered by cathodal iontophoresis. In protocol 3 (n = 11), ACh was delivered after 2 ! 500 mg of acetylsalicylic acid had been given 24 h before the measurements, followed by another 2 ! 500 mg of acetylsalicylic acid 2 h before the measurements. In protocol 4 (n = 9), iontophoresis of ACh was preceded by the intake of vitamin C. Vitamin C (2.5 g) was given by mouth every morning for 3 consecutive days. The last dose was taken 1-2 h before the examination took place [21] . In protocol 5 (n = 9), sodium chloride was delivered by cathodal iontophoresis. The protocols were performed on separate days and at different skin sites.
Dose-Response Model
The perfusion response from each individual subject was plotted as a function of the logarithm of electrical charge. The electrical charge is indicative of the dose of drugs given during iontophoresis [22, 23] .
The data were analysed by fitting the E max model, based on classical receptor occupancy theory [24] , to the pooled perfusion data in every group of measurements. The model can be described by the following equation:
where E min is the baseline, E max is the maximum perfusion, ED 50 is the iontophoretic charge eliciting half of the maximum response and n is the Hill slope, which defines the steepness of the response. C(t) is the electrical charge as a function of time, defined as the current strength multiplied by the pulse duration:
In each protocol, the last 10 s before the start of the first iontophoresis period (with air breathing) was considered as baseline perfusion. This baseline value was subtracted from all further data points obtained during both iontophoresis periods (with both air breathing and oxygen breathing).
Statistics
The minimum perfusion (E min ), the maximum response (E max -E min ), the ED 50 and their respective confidence intervals (95% CI) were estimated from each response by fitting the model to the pooled data in each protocol. Since baseline perfusion was subtracted, E min was fixed to zero for the air breathing data. Data were analysed using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, Calif., USA). Data in the figures are presented as means 8 SEM. For clarity, a limited number of data points are shown in the figures.
The significance of the difference in these estimated values between air breathing and oxygen breathing was tested using an Ftest. Probabilities of less than 0.05 were accepted as significant.
Results
During all protocols where ACh and SNP were delivered, an increase in skin perfusion was found, which almost always resulted in plateaus in the responses. Fitting the model to the obtained perfusion data yielded well-defined dose-response curves in all protocols (R 2 values ranged from 0.55 to 0.95). An overview of the best-fit parameters and comparisons is presented in table 2 .
Baseline Perfusion
In protocols 1 (ACh) and 2 (SNP), a decrease in mean baseline skin perfusion was found during breathing of oxygen (p ! 0.001). In the other protocols, mean baseline perfusion was similar during breathing of air and oxygen. There was no significant difference in baseline perfusion at the start of the air-breathing period between the protocols.
Protocol 1: ACh
In protocol 1 (ACh), the maximum perfusion response was significantly lower while breathing oxygen than while breathing air [oxygen: 0. 
Protocol 3: ACh + Aspirin
When ACh iontophoresis was preceded by intake of aspirin, no difference in the maximum responses be- 3 ). Maximum responses during air and oxygen breathing were significantly lower compared with untreated, air-breathing subjects (p = 0.006 and p ! 0.001, respectively).
Protocol 4: ACh + Vitamin C When ACh iontophoresis was preceded by intake of vitamin C, the perfusion response was reduced during oxygen breathing, but only at a charge of 6 mC and above [oxygen: 0.79 (0.66-0.91) vs. air: 1.58 (0.88-2.28)]. As a result of the absence of a plateau in the data obtained during breathing of air, the respective maximum response and ED 50 value could not be estimated with high accuracy. However, the mean ED 50 value was significantly lower during oxygen breathing than during air breathing [oxygen: 2.09 (1.72-2.53) vs. air: 5.00 (2.35-10.6)] ( fig. 4 ).
Protocol 5: Sodium Chloride
When sodium chloride was delivered with iontophoresis to test for non-specific effects, no significant increase in perfusion was found during breathing of air or oxygen ( fig. 5 ) .
In none of the protocols was there any difference in ED 50 or maximum response between male and female subjects (p 1 0.32).
Discussion
The main findings in this study are that in healthy subjects, 100% oxygen breathing reduces the endothelium-dependent microvascular response to ACh with 30% compared to the response during normal air breathing. When subjects had been pre-treated with aspirin, there was no difference in response between oxygen breathing and air breathing. Instead, both responses were reduced with 30% compared to the response in untreated, airbreathing subjects. ACh-mediated vasodilatation during 100% oxygen breathing was partially restored after pretreatment with the antioxidant vitamin C. Breathing 100% oxygen did not change the microvascular response to the NO donor SNP.
Dose-Response Modelling
The application of the E max model to perfusion response data obtained from a single-pulse iontophoresis protocol has been validated in previous studies by our group [22, 23] . This approach offers important advantages over more qualitative descriptions of responses. It enables a more powerful assessment of the dynamics of perfusion responses, as responses can be interpreted in terms of conventional pharmacodynamic parameters such as ED 50 and maximum response. Also, modelling in tests of microvascular mechanisms may avoid confounding factors in the interpretation of responses [25] .
Effect of Oxygen on the Response to ACh
When the subjects breathed 100% oxygen, the maximum response to ACh was reduced with 30% compared to the response during breathing of air, while the ED 50 value was unchanged. This reduction was not found in the response to SNP. This finding confirms the results of a study by Yamazaki [13] , in which breathing of 100% oxygen reduced the vasodilatation in response to iontophoretically applied ACh, and suggests that the effect of hyperoxia is mediated by a non-competitive, endothelium-dependent mechanism.
Effect of Aspirin on the Response to ACh
The results of the present study indicate that prostaglandins take part in the ACh-mediated vasodilatation in the skin, since pre-treatment with aspirin resulted in a 30% decrease in maximum response to the iontophoresis of ACh, when the subjects breathed air. Aspirin (acetylsalicylic acid) is a non-competitive, irreversible antagonist of the enzyme cyclooxygenase that inhibits the synthesis of prostaglandins by permanent acetyla- Perfusion response to ACh delivered by anodal iontophoresis during 10 min of air breathing and 100% oxygen breathing after pre-treatment with vitamin C (protocol 4). No significant difference was found in dose-response parameters between air breathing and 100% oxygen breathing up to a charge of 6 mC (5 min of oxygen breathing). At higher charges (longer time), the response to ACh during 100% oxygen breathing did not increase further, while the response during air breathing continued to increase. Thus, the maximum increase in perfusion after pre-treatment with vitamin C was significantly higher for air breathing (p = 0.0018). tion [26] . This finding is in line with a number of other studies, which have shown that the response to ACh in the cutaneous microvasculature is the result of at least two different mechanisms [13, [27] [28] [29] [30] [31] . The first mechanism is that ACh stimulates the activation of NO synthase (NOS, both neuronal and endothelial), by promoting the binding of a calmoduline-Ca 2+ complex to NOS. The conversion of L -arginine to form citrulline and NO is then catalysed by NOS. The second mechanism is the increased production of prostaglandins from the conversion of arachidonic acid by cyclooxygenase. Apart from the two mechanisms above, other mechanisms, such as endothelium-derived hyperpolarizing factor, may be responsible for the ACh-mediated vasodilatation.
Effect of Oxygen on the Response to ACh with Aspirin
Firstly, when aspirin was given before the experiment and when subjects breathed air, a similar reduction (30%) in maximum response was found compared to the ACh response during oxygen breathing, without pretreatment with aspirin. Secondly, under aspirin pretreatment, 100% oxygen breathing did not further reduce the response to ACh. Instead, both the maximum responses and the ED 50 values for air and oxygen breathing were similar. These two results together strongly favour the hypothesis that the effect of hyperoxia on the endothelium-dependent vasodilatation involves prostaglandins.
Whether the interaction between hyperoxia and prostaglandins takes place during the synthesis or the action of prostaglandins is unclear. The role of prostaglandins in hyperoxia has been put forward by a number of previous studies. On the cell level, hyperoxia has been found to reduce cyclooxygenase activity [32] . In an in vitro model of isolated rat cremaster muscle arterioles, it was found that increasing oxygen tensions cause endothelium-dependent vasoconstriction, but that this was completely abolished in the presence of indomethacin, a cyclooxygenase inhibitor [12] . Furthermore, it has been shown that vasoconstricting prostanoids are released from the endothelium of the human umbilical vein at hyperoxia [14] . In healthy volunteers, hyperoxia significantly reduced the vasodilatation in response to isometric forearm contraction, but no further reduction was found after pre-treatment with aspirin [33] . These studies together with our present findings suggest that hyperoxia modulates the synthesis rather than the action of prostaglandins by inhibition of the cyclooxygenase pathway.
Effect of Oxygen on the Response to ACh with
Vitamin C In the present study, vitamin C inhibited the effects of hyperoxia that were seen during iontophoresis of ACh up to an electrical charge of 5 mC (or up to 250 s of iontophoresis). At higher charges, the maximum response was significantly lower during 100% oxygen breathing. Due to the absence of a clear plateau in the perfusion response during air breathing, it is difficult to compare the response to the corresponding responses in the untreated group, especially the ED 50 values. However, the maximum responses were not significantly different from the maximum responses without vitamin C pretreatment, for both air breathing and 100% oxygen breathing.
Vitamin C is a potent aqueous-phase antioxidant and it has been shown to lower oxidative stress in humans [34] [35] [36] . The molecular basis for its antioxidant effect is not fully understood, but there is some evidence that it increases the activity of superoxide dismutase (SOD) [37] . Extracellular SOD (SOD3) catalyzes dismutation of superoxide to hydrogen peroxide (H 2 O 2 ) and O 2 . By activating SOD3, vitamin C could reduce concentrations of superoxide and so augment the bioavailability of NO. Another plausible way for vitamin C to have an antioxidant effect is by lowering the activity of NADPH-oxidase, the enzyme responsible for the production of superoxide. This has been shown recently in animal models [38] .
The finding that vitamin C partly abolishes the reduced endothelium-dependent vasodilatation during hyperoxia suggests that reactive oxygen species (ROS) are involved. Hyperoxia has been associated with increased production of ROS. Supporting evidence mainly comes from in vitro preparations [15, 39, 40] and animal studies [41, 42] . Recently, human studies have also been published in favour of a hyperoxic-ROS linkage [43, 44] . In vitro studies have shown that hyperoxia results in the production of up to 2.5 times the normal concentrations of superoxide, which is probably the most important of the oxygen radicals [39] .
From the present study it is impossible to determine by which mechanism ROS reduce the endothelium-dependent vasodilatation. The increase in superoxide may reduce the efficacy of the NO-producing chain, by either inhibiting activation of NOS or by lowering the availability of L -arginine through increased action of its degrading enzyme, L -arginase. This will lead to lower concentrations of NO and hence, less vasodilatation. However, the fact that during cyclooxygenase inhibition, 100% ox-ygen breathing did not further reduce the perfusion response compared with air breathing, suggests that there was no difference in the bioavailability of NO. On the other hand, based on the present results it could well be possible that ROS are mediators in the inhibiting effect of hyperoxia on prostaglandin production. In that case, vitamin C is indeed expected to reduce the inhibition of prostaglandin production during hyperoxia, through scavenging of these ROS.
In general, our observations are consistent with the result of a previous human study by Mak et al. [16] . In their study, ACh-mediated vasodilatation, measured by venous occlusion plethysmography in healthy subjects, was blunted by hyperoxia (inhalation of 100% oxygen for 10 min). The hyperoxic vasoconstriction was then reversed by infusion of vitamin C. When an endotheliumindependent vasodilator was used (Verapamil), hyperoxia had no effect.
The results of a previous study by Waring et al. [4] are partially conflicting with our present findings. They investigated the effects of hyperoxia on perfusion after local application of ACh, SNP and a NOS inhibitor ( L -NMMA) in normal subjects using plethysmography. In their study there was a tendency towards a reduced response to ACh when breathing oxygen, but this was not significant. However, breathing oxygen did not alter perfusion in response to SNP or L -NMMA, suggesting that there was no significant involvement of NO [4] , which is in agreement with our present results.
The reason why pre-treatment with vitamin C did not fully restore the reduced response during 100% oxygen breathing at higher charges remains unclear. It is possible that the local concentration of vitamin C in the skin was not sufficient to fully prevent the effect of ROS. The vitamin C dose, 2.5 g daily for 3 days, was chosen because higher doses do not increase the bioavailability of vitamin C, but only increase urinary excretion [21] . Also, single doses of 2 g have been shown to induce endothelial effects in man [45] . Therefore, it is unlikely that higher doses would have resulted in a fully restored perfusion response during 100% oxygen breathing. Neither is it likely that vitamin C had any direct systemic effects of its own, as short-term intake (hours to several days) is known to leave the cardiovascular system unaffected [16, 46] . Apart from the possibility of incomplete inhibition of oxygen radicals, other effects may be responsible for the dependency of the effect of vitamin C on the iontophoretic charge, including more complex physiological interactions between vitamin C, ROS and prostaglandins.
Study Limitations
Limitations of this study include the fact that the effect of hyperoxia on microvascular responses was studied only indirectly, by observing the perfusion response in the forearm skin to 100% oxygen breathing during iontophoresis with endothelium-dependent and endothelium-independent drugs. A possible source of systematic error in our study is that oxygen was given in all cases after air had been breathed. However, this was done to avoid the need for washout periods.
Because the iontophoresis methodology itself has potent vasodilator effects, especially at the cathode, this could obviously be a confounding factor [19] . Our study protocol was chosen to minimize the effects of current, as has been earlier recommended by our group [19, 20] . However, to investigate the importance of any non-specific effects, we used cathodal iontophoresis with sodium chloride, using the same settings as during iontophoresis of SNP. We found no significant increase in perfusion, which makes it unlikely that our results are affected by any non-specific effects of the iontophoresis current.
It should be stressed that the effects of hyperoxia found in this study may not be present at more modest hyperoxia levels, as the formation of superoxide may be more likely at higher oxygen concentrations. Further studies are required to elucidate the effects at modest hyperoxia levels. We did not measure concentrations of oxygen and carbon dioxide in blood. The model of oxygen delivery has, however, been used by our group with high reproducibility in which concentrations increased to a mean oxygen arterial partial pressure of 74 kPa while breathing 100% in this non-rebreathing setup [47] .
Studies have shown that the concentration of carbon dioxide decreases during hyperoxia, probably as a result of hyperventilation [48] , which could have effects on vascular tone. The effects seem, however, to be modest, and possibly affect all oxygen measurements equally [3] .
We did not consider the phase of the menstrual cycle of the female participants and the male/female balance was different for the different protocols. We have tested if ED 50 and maximum response differed significantly between men and women in protocols 1 and 3 where the number of female subjects was largest. This was not the case. Also, we found that exclusion of all female subjects does not affect the conclusions drawn in this study. Nevertheless, an effect of gender has been suggested in different previous studies [49, 50] and we cannot entirely exclude the possibility that gender is of influence on the vascular mechanisms proposed in this study. Further investigations on a larger group of male and female subjects are needed to elucidate this issue.
Conclusion
This is the first completely non-invasive study that investigates the involvement of prostaglandins, NO and oxygen free radicals in the microvascular vasoreactivity during hyperoxia in healthy humans. We found that breathing 100% oxygen significantly attenuated that endothelium-dependent vasodilatation elicited by iontophoresis of ACh in the forearm skin of healthy subjects and that prostaglandins are involved in this attenuated response, as suggested by the lack of effect of hyperoxia on the response after pre-treatment with aspirin. Vitamin C partially abolished the attenuating effect of hyperoxia on ACh-mediated vasodilatation. Hyperoxia did not have any effect on endothelium-independent vasodilatation. These results indicate that hyperoxia inhibits the synthesis or action of vasodilator prostanoids by a mechanism that may involve ROS, and that hyperoxia is not likely to affect the production or the bioavailability of NO.
